The detection and imaging of neuronal activities in the brain has tremendous applications[@b1][@b2][@b3][@b4]. Several methods have been developed and studied extensively for such applications. For example, via measuring the BOLD signal[@b5][@b6], functional Magnetic Resonant Imaging (fMRI) has been used to capture human visual cortex activities[@b7], detect awareness of a brain in a vegetative state[@b8], image dopaminergic signals in the ventral tegmental area[@b9], and for general brain activity imaging purposes[@b10]. Scalp electroencephalography (EEG) has been developed for the brain-machine interface[@b11][@b12] and for detecting the area of onset of epilepsy[@b13]. But the source localisation is an ill-imposed inverse problem that has not been successfully solved[@b14][@b15]. With the advancement in methods of source localisation for magnetoencephalography (MEG), MEG has been used to localise functional areas of the cortex[@b16], and has been applied clinically for screening and diagnosis of post-traumatic stress disorder[@b17]. More effective but also more invasive, implanted EEG has been used on animals as a brain-machine interface[@b18][@b19] as well as on humans for detecting the area of onset of epilepsy[@b20] and for functional imaging of the amygdala[@b21].

Recently, the possibility of using radiofrequency (RF) electromagnetic (EM) waves for diagnosing stroke has been studied[@b22][@b23], and based on the significant dielectric property differences between brain tissues and blood, cerebral haemorrhage has been diagnosed and localised with a multi-channel RF EM wave propagating through haemorrhaged brain compared to a normal brain. In similar concepts, RF EM wave based radiometry has been studied for non-invasive brain temperature monitoring[@b24], and a novel RF EM wave tomography system has been developed for experimental breast imaging[@b25].

In this study, we aimed to develop an active, non-invasive method for detecting and imaging neuronal activations in the brain, through studying the biophysics of an activated functional site in the brain and its relationship to an externally applied RF EM field. We first hypothesised that neuronal activation at a functional site in the brain varies the ion concentration of the extracellular fluid surrounding the activated neurons, and thus varies the permittivity of the dielectric (extracellular fluid) at the functional site; an RF EM wave propagating through the activated functional site will be changed and the change varies with the variation of the permittivity of the dielectric, and thus varies with neuronal activation at the functional site. We then validated the hypothesis with an RF EM wave experiment on a rat brain monitored with simultaneous EEG measurement, and we obtained results confirming that the phase change or amplitude change of the RF EM wave propagating through a rat brain varies with the brain activity, providing the basis for a RF EM wave approach to functional brain imaging.

The extracellular fluid surrounding the neurons at a functional site in the brain is a typical dielectric by ionic polarisation. At a brain functional site, the ion concentration in the extracellular fluid varies with local neuronal activation[@b26][@b27], which indicates the dynamic nature of the dielectric at the functional site. Also, the ion concentration of the extracellular fluid surrounding the neurons at a functional site in the brain varies with neuronal activation - repolarisation and depolarisation ([Fig. 1(A) and (B)](#f1){ref-type="fig"}) in which synchronised neuronal activations give rise to immense transmembrane ion flows, changing the ion concentration of the extracellular fluid, and therefore, changing the permittivity. Varying the ion concentration results in a dynamic permittivity of the dielectric (the extracellular fluid), and under an externally applied electric field, *E*, the energy taken from the applied field and stored in the dielectric in forming a polarisation density, *P*, varies according to the neuronal activation status from *P~S~* during the synchronised neuronal activation in repolarisation to *P~w~* during the synchronised neuronal activation in depolarisation ([Fig. 1(C) and (D)](#f1){ref-type="fig"}) and then back to *P~S~*, and so on.

Theoretically, when a monochrome plane EM wave propagates normally into a nonlinear dielectric body of multi-layer low-loss material, such as the brain, the amplitude and phase of the propagating EM wave are changed according to the permittivity of the dielectric (the extracellular fluid). In this study, we derived the relationship between the EM wave phase change, φ, and the value of the permittivity of the dielectric, *ε*, by applying the planar transmission mode[@b28] to the phase change of the EM wave between a pair of transmitting and receiving waveguides, as: where *β~i~*(*ε*) is the phase constant of the *i*th layer, *l~i~* is the propagating path length of the *i*th layer, and *ArgT~j~*(*ε*) is the phase of the transmission coefficient of the *j*th interface. Both *β~i~*(*ε*) and *T~j~*(*ε*) are functions of the permittivity or polarisation density of the dielectric. It should be noted that [Equation (1)](#m1){ref-type="disp-formula"} was derived according to the assumption of the EM wave propagating through an infinite planar medium, which is not exactly the case for an EM wave propagating through the brain in between a transmitting waveguide and a receiving waveguide in the present study. However, because the EM wave applied in the present study is a millimeter wave and the waveguide\'s dimension (7.11 mm × 3.56 mm) is smaller than the brain size of rats (approximately 16 mm from the left to the right, 12 mm from the front to the back, and 10 mm from the top to the bottom) used in the present study, the transmission mode is approximated according to the planar transmission mode in which the law that the phase of the EM wave propagating through a dielectric varies qualitatively with the permittivity of the dielectric is truly represented.

To confirm the analysis, we used software CST2011 of CST - Computer Simulation Technology AG to simulate the phase change of a 30 GHz EM wave propagating through a rat head with neuronal activation such that the permittivity varies. The 3D geometry of the simulated rat head, geometry and location of the simulated activated brain site, and waveguides assumed in the simulation are shown in [Figure 2](#f2){ref-type="fig"}. The material properties of the simulated head are shown in [Table 1](#t1){ref-type="table"}; the values are given for human heads because data for rat heads under a 30 GHz EM wave were not available. The simulation results, as shown in [Figure 3](#f3){ref-type="fig"}, indicate that as the relative permittivity at the activated brain site (approximately spherical with the radius R = 6 mm) was increased from 22 to 44, the phase change arg(S2,1) of the EM wave increased from 53.39° to 53.92°. When the volume of the activated brain site was decreased by 96.3% (approximately spherical with the radius R = 2 mm), as the relative permittivity at the activated brain site was increased from 22 to 44, the phase change arg(S2,1) of the EM wave increased from 52.76° to 52.95°.

The analysis and simulation can be used to develop a theory regarding the dynamic nature of the permittivity of the dielectric at brain functional sites. We based the theory on a RF EM wave approach to functional brain imaging. To develop the theory, we hypothesised that:The volume of extracellular fluid at a functional brain site is the dielectric that has the same ionic polarisation as the RF EM wave propagating through it, in which the ions (Na^+^, K^+^, Mg^2+^, Ca^2+^, Cl^−^, etc.) surrounding the neurons are pushed or pulled by the EM field. As a result of losing energy to the volume of extracellular fluid, the propagating EM wave changes its amplitude and phase.As a functional brain site has activity, the activation of the neurons (synchronised at a frequency) periodically varies the ion concentration in the volume of the extracellular fluid and the permittivity of the fluid varies correspondingly, resulting in variation in the EM field energy loss, and consequently, variation in the EM wave amplitude and phase changes.By measuring the variation of the amplitude change or phase change of a RF EM wave propagating through a brain functional site in activation, the neuronal activation can be sensed and characterised.

To validate the hypothesis, we conducted experiments on RF EM wave detection of rat brain neuronal activities in a microwave anechoic chamber of EM shielding efficiency above 90 dB at 18 to 40 GHz. Also, we used a 2-port Vector Network Analyzer (Agilent Technologies N5230A) transmitting 30 GHz of sinusoidal EM wave of -10 dBm by a waveguide at about 1 cm distance from the left side through the rat brain, which was received on the right side by another waveguide at about 1 cm from the rat brain, as shown in [Figure 4](#f4){ref-type="fig"}. Each of the waveguides was a rectangular hollow metallic waveguide of 7.11 mm × 3.56 mm. There was nothing but air between the waveguide and rat head. Ten Sprague-Dawley rats were included in the experimental tests. During each test, the rat was kept anesthetised with inhalation of ether so that its head remained stationary. The variation of the phase and amplitude of the EM wave propagating through the rat brain was displayed on the screen of the analyser with the digital data saved for analysis. Simultaneous, one-channel scalp EEG recording was carried out to validate the variations in the EM wave phase and amplitude changes in relation to the rat neuronal activation. The signal acquisition electrode, reference electrode and earth electrode were placed on the lambda, eye socket, and body, respectively. For each test, the measurement recording time was 10 seconds. Both the recorded EM wave variation and EEG signal were analysed using FFT for comparison to confirm that the measured EM wave variation was associated with the rat brain neuronal activation, in which a recording of 5 seconds was used for the FFT on each test result. For further confirmation, in the test on each rat, the correlation between the variation of phase change of the EM wave propagating through the rat brain and the EEG signal was analysed with a linear correlation method, using 5 second epochs. Before the analyses, the noise and artefacts were removed using butterworth filters (order = 4, low-pass 20 Hz, high-pass 0.5 Hz, and notch 50 Hz), where the notch 50 Hz filter was used together with the low-pass 20 Hz filter because the low-pass filter could not fully remove artifacts originated from the power supply and therefore the notch filter was needed and applied.

The results from tests on the first rat (R1) are shown in [Figure 5](#f5){ref-type="fig"}, where the left parts of (A) and (B) show the variations of the EM wave phase change and amplitude change, respectively, in the range of 0.1 to 0.3 degrees and 0.0003 to 0.0004 dB, respectively, as the RF EM wave propagated through the rat brain, and the right parts of (A) and (B) show the spectral densities for the variations of the EM wave phase change and amplitude change, respectively; the left part of (C) shows the simultaneous recorded EEG signal, and the right part of (C) shows the spectral densities for the EEG. The phase change and amplitude change of the EM wave varied as the EM wave propagated through the rat brain, and the dominant variation frequency was 2.2 Hz. In comparison, the recorded EEG showed similar variation, and the dominant frequency was 2.2 Hz. The value of correlation between the variation of the phase change of the EM wave propagating through the rat brain and the EEG was 62.75%, which is significant considering that the EM wave variation reflected the entire brain\'s neuronal activation, whereas the one-channel EEG with a signal electrode measured only the electric potential at a point on the scalp, which did not cover some of the activated neuronal electrical sources, such as those having the dipole direction perpendicular to the lead vector with regard to the electrode location. In the EEG measurement for brain activities, the EEG waveform with a frequency ranging from 0.5 to 4 Hz is commonly categorised as the Delta Wave[@b29], which is mainly associated with a slow-wave sleep mode of the brain. This was confirmed by comparing the EEG results with those obtained in a study by Terrier and Gottesmann[@b30], who performed comprehensive EEG studies on sleeping rats. During each of our tests, we observed that the rat was in a sleep mode, which was reasonable because the rat was anesthetised with inhalation of ether. Therefore, the variations of the phase change and amplitude change of the EM wave that propagated through the rat brain could be associated with the brain activities in a sleep mode.

To ensure that the EEG electrodes placed on the rat scalp and body as well as the EEG signal acquisition did not interfere with the measurement of the variation of the EM wave propagating through the rat brain, the EEG electrodes were then removed from the rat (R1), and the variation of the phase change of the EM wave propagating through the rat brain was measured again. As shown in [Figure 5(D)](#f5){ref-type="fig"}, the results were similar to those for simultaneous EEG measurement and recording, indicating that the electrodes and EEG signal acquisition did not interfere with the measurement of the variation of the EM wave propagating through the rat brain. This finding makes sense because the material properties of the electrodes did not change during the measurement, and the EEG signals had much lower frequencies than radiofrequencies and could not interfere with the EM wave. For the same reason that the EEG signals had much lower frequencies than the radiofrequencies, the EEG signal could not be affected by the RF EM instrumentation. We confirmed this through the EEG measurement with and without the RF EM wave measurement.

To confirm the results as shown in [Figure 5](#f5){ref-type="fig"}, we used the same setup for measuring the variation of the EM wave propagating through the rat brain with simultaneous EEG measurement. Additional tests were performed on 9 more rats (R2 through R10). The results are shown in [Supplementary Figure S1](#s1){ref-type="supplementary-material"} online. In each of the tests, the EM wave phase variation was similar to the EEG signal, and the corresponding spectral densities had dominant frequencies in the same range of 0.5--4 Hz. [Table 2](#t2){ref-type="table"} shows the values of the correlations between the variation of EM wave phase change and EEG signals for performing testing on all ten rats. The average correlation value is 52.62 ± 15.25%, and the average correlation value for the pairs of unmatched variation of EM wave phase change and EEG signals (n = 45) is 15.07 ± 10.16%. The one tailed t-test, assuming equal variance (significance level 5%), indicates that correlations of the matched phase/EEG signal pairs are significantly greater than for the unmatched signal pairs (p = 1e-13). This suggests that the observed high correlations between the variation of EM wave phase change and EEG signals were not from noise.

We have validated the hypothesis that the dielectric of a brain functional site has a dynamic nature associated to the local neuronal activation, indicating that neuronal activation is accessible by an RF EM wave. It is interesting that the simulation result of 0.53 degree of variation in the phase change, corresponding to a 100% variation in the relative permittivity of the dielectric, matches the experimental results of 0.2 to 0.6 degrees of variation in the phase change in the tests performed on ten rats, indicating that the relative permittivity of the dielectric at the activated brain sites might have varied for 36% to 107% during the neuronal activation in the ten rats. The variation of permittivity of the dielectric at a brain functional site following neuronal activation causes the variation of the phase change in the EM wave propagating through the brain. By measuring the variation of the EM wave phase change, the neuronal activation can be measured.

Our finding of the dynamic nature of the dielectric at a brain functional site provides the basis for an RF EM wave approach to functional brain imaging, which is active (behaviour of the applied RF EM wave in relation to the measured neuronal activations), non-invasive, and utilises a simple hardware architecture (as simple as a mobile phone), functioning for both transmitting and receiving as well as processing the RF EM wave variation with neuronal activation at a brain functional site, in which neuronal activation at a particular functional site can be recognised based on that the permittivity of the dielectric at a functional site is frequency dependent, which reaches a maximum at a sensitive frequency associated with the functional site. By knowing the sensitive frequency of a functional site in the brain, detecting neuronal activations at the functional site with the RF EM wave approach can be similar to tuning a radio to a particular frequency band of a targeted radio station, which does not have the spatial resolution issues as in scalp EEG or the temporal resolution issues as in fMRI.
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![The neuronal activation at a brain functional site gives rise to immense transmembrane ion flows, varying the ion concentration of the extracellular fluid at the functional site, and therefore, varying the permittivity of the fluid.\
(A) When the neurons are in synchronised depolarisation, their membranes pump sodium ions out and largely increase the ion concentration in the surrounding extracellular fluid. (B) When the neurons are in synchronised depolarisation, many sodium ions rush into the neuronal cell bodies and largely reduce the ion concentration of the extracellular fluid. (C) Under an applied electric field, *E* (shown with a small red arrow indicating the field direction), a strong polarisation density, *P~S~*, is formed in the extracellular fluid at the functional site when the neurons are in synchronised depolarisation and result in a high ion concentration of the extracellular fluid. (D) Also, under the applied electric field, *E* (shown with a small red arrow indicating the field direction), a weak polarisation density, *P~w~*, is formed in the extracellular fluid at the neuronal activation site when the neurons are in synchronised repolarisation and result in a low ion concentration of the extracellular fluid.](srep06893-f1){#f1}

![Simulation setup, showing the 3D geometry of the simulated rat head, geometry and location of the simulated activated brain site, and waveguides assumed in the simulation, where the rat brain sizes were 16 mm from the left to the right, 12 mm from the front to the back, and 10 mm from the top to the bottom, the transmitting waveguide on the left was 10 mm away from the left side of the brain, the receiving waveguide on the right was 10 mm away from the right side of the brain, and each of the waveguides was a rectangular hollow metallic waveguide of 7.11 mm × 3.56 mm.](srep06893-f2){#f2}

![Simulation result showing the variation in the phase change arg(S2,1) of the 30 GHz EM wave propagating through an activated brain site vs the variation of the relative permittivity of the dielectric at the brain site.\
The approximately spherical, activated brain site with a radius R = 6 mm exhibited the variation of EM wave phase change, which increased from 53.39° to 53.92° when the relative permittivity of dielectric at the activated brain increased from 22 to 44. The approximately spherical, activated brain site with a radius R = 2 mm exhibited the variation of EM wave phase change, which increased from 52.76° to 52.95° when the relative permittivity of dielectric at the activated brain increased from 22 to 44.](srep06893-f3){#f3}

![Experimental setup, where a rat, anesthetised with ether, was placed with the head centred in between the transmitting waveguide and receiving waveguide of an Agilent N5230A PNA-L 2 Port Vector Network Analyzer that was transmitting, receiving and analysing the variation of the EM wave propagating through the rat brain via an EEG electrode attached on the lambda, a reference electrode attached to the eye socket, and a ground electrode attached on the body.\
The electrodes were connected to an ANT EEG amplifier for acquiring EEG simultaneously with the EM wave measurement. This figure was drawn by TCW.](srep06893-f4){#f4}

![Experimental results, where (A) shows the variation of the phase change of the EM wave propagating through the rat brain as well as the spectral density distribution. (B) The variation of amplitude change of the EM wave propagating through the rat brain and the spectral density distribution. (C) The EEG signal measured on the rat and the spectral density distribution. (D) After the EEG electrodes were removed from the rat, the variation of the phase change of the EM wave propagating through the rat brain and the spectral density distribution.](srep06893-f5){#f5}

###### The material properties[@b31] of the simulated head

           Electrical Conductivity ***(****f = 30 GHz****)***   Relative Permittivity (*f = 30 GHz****)***                       Weighted Components
  ------- ---------------------------------------------------- -------------------------------------------- --------------------------------------------------------------
  Brain                           27.2                                             17.2                                    *(Grey Matter + White Matter)/2*
  ELSE                            16.0                                             11.4                      *{Skin\*1.5 + \[(Muscle + Fat\*2)/3\]\*4.5 + Bone\*0.3}/6.3*

###### Correlation values of the variation of the phase change of the EM wave with the EEG signal

  Rat               R1     R2     R3     R4     R5     R6     R7     R8     R9    R10
  --------------- ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
  Correlation %    62.8   43.7   67.6   72.6   33.5   54.9   71.2   32.9   32.2   54.8
